INTRODUCTION 23
To study the full impact of tsunamis on coastal geomorphology, it is essential to 24 understand their role in both addition and removal of coastal sediment. However, most 25 studies of tsunami geology have focused on tsunami deposition rather than erosion 26 (Bourgeois, 2009 ). Yet on certain coastlines, tsunamis may be important geomorphic agents, 27 causing long-term changes in coastal systems. Pre-and post-tsunami measurements of 28 coastal geomorphology are necessary in order to calculate coastal change and sediment 29 movement during a tsunami-topics of utmost interest to the tsunami community (c.f. 30 Gelfenbaum and Jaffe, 2003; Jaffe and Gelfenbaum, 2007; Huntington et al., 2007) and of 31 broad interest to coastal geomorphologists (Dawson, 1994; Kench et al., 2008) . 32
Tsunami-induced erosional changes of coastlines have been difficult to quantify 33 because pre-event controls are lacking (c.f. Dawson, 1994; Choowong et al., 2007; Umitsu et 34 al., 2007) . To date, the only quantified before-and-after studies are beach profiles and atoll-35 island surveys from the 2004 Indian Ocean tsunami in southwestern India and the Maldives 36 (Kurian et al., 2006; Kench et al., 2006; 2008) . Also, Gelfenbaum and Jaffe (2003) estimated 37 depth of erosion by the 1998 Papua New Guinea tsunami from exposed tree roots. 38
Despite the few quantified studies, many qualitative observations suggest that most 39 tsunami-induced changes in coastal geomorphology are driven by erosion, during either 40 inflow or outflow. Erosional changes to a landscape can be temporary (Kurian et al., 2006) , 41 permanent (Andrade, 1992) , or continue an ongoing trend (Kench et al., 2006 (Kench et al., , 2008 . 42
Tsunamis remove vegetation and damage man-made structures (Dawson, 1994; Maramai and 43 Tinti, 1997) . Tsunami erosion causes beach retreat either as large-scale scour features or as 44 smaller scallops (Dawson, 1994; Gelfenbaum and Jaffe, 2003; Kench et al., 2006; Kurian et 45 Irrespective of tsunami runup height and inundation distance, there was evidence of 158 deposition on all studied sites ( Fig. 3 ; Table 1 ). Where sand was available along the shore, 159 the tsunami deposited a landward thinning, continuous sheet of that sand across vegetated 160 surfaces. Sand deposits averaged 2.5 cm thick (20 cm maximum) and were generally thicker 161 in beach-ridge troughs than on crests. Along the sandy beach ridges of Dushnaya, South and 162
Ainu bays, the tsunami added a thin veneer of sediment, ~1-6 m 3 per unit width of profile 163 (Table 1) . Shorelines along boulder to gravel beaches exhibited patchy tsunami deposits of 164 pebbly gravel, and relocated cobbles and boulders generally <1 m diameter. On most 165 shorelines, the tsunami eroded and deposited blocks of sod, more abundant and larger (up to 166 3 m diameter) on coarser-grained shorelines. 167
Sandy tsunami deposits were nearly as extensive as the tsunami (Table 1) . The 168 maximum elevation of deposits was on average 90% of runup elevation, and never <71% (a 169 case with limited sand supply). The landward terminus of the deposit averaged 95% of 170 tsunami inundation (as marked by floated debris); the horizontal difference was <10 m in 171 nine cases, and at most 22 m (Table 1) . 172
Deposition versus Erosion 173
Even with ubiquitous deposition, less sediment was deposited than eroded on every 174 profile studied in detail. In the eight cases with measured volumes (per unit width) of both 175 erosion and deposition, the amount of tsunami-transported sand preserved on the coastal 176 plain was usually <10% of that eroded (Table 1) ; only one of those profiles exhibited focused 177 erosion (Profile 2 in Dushnaya Bay; Figs. DR1, DR9). Even in Dushnaya Bay, where the 178 tsunami was the smallest, erosion the least, and deposition the most extensive, about three 179 times more sediment was removed from the coast then deposited on land. 180
DISCUSSION AND CONCLUSIONS 181
Our survey of tsunami deposits in the Kuril Islands strengthens the argument that on 182 sandy shorelines tsunami-deposit extent can be used as proxy for tsunami runup and 183 inundation (Table 1 ; Martin et al., 2008) , provided the pre-tsunami shoreline position can be 184 reconstructed. Recent post-tsunami studies of low-relief coastlines have shown that tsunami 185 deposits commonly extend to 90% of water runup and inundation limits (Table DR2) . On the 186 high-relief coastlines of the Kuril Islands, tsunami deposits are equally representative of 187 onshore tsunami metrics. 188
The volume of tsunami erosion is related to tsunami runup, distance from shore, and 189 topography; vegetation and local roughness can clearly be factors as well, but in our study 190 they do not measurably vary. That greatest erosion from tsunamis occurs closer to the shore 191 is a common observation of post-tsunami surveys (cf. Gelfenbaum and Jaffe, 2003; Umitsu et 192 al., 2007) . Farther from the shore (100s of m in the Ainu Bay case), patches of erosion 193 typically occur where the topography generates local water acceleration, enhancing the 194 erosive capacity of tsunamis. 195 Some erosional features generated by tsunamis should become preserved 196 geomorphology. In Ainu Bay, the removal of the seaward beach ridges, breaching of a lake 197
and development of inland scours should all be visible for decades or centuries. Indeed, 198 previous (undated) instances of deep coastal erosion and breached lakes can be seen in Ainu 199
Bay stratigraphy (Fig. DR11) . Even in cases of relatively low runup, breached beach ridges 200 should remain discontinuous, and we have observed such breaches in older beach ridges in 201 Dushnaya Bay and also along the Pacific coast of Kamchatka. 202 Publisher: GSA Journal: GEOL: Geology Article ID: G30172
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Our findings agree with previous studies indicating that net direction of tsunami 203 sediment transport is dependent on capacity of the coastline to generate backwash or offshore 204 flow (Umitsu et al., 2007) . Tsunamis flowing over low-relief coastlines (Kurian et al., 2006; 205 Gelfenbaum and Jaffe, 2003 ) generated net onshore transport. On high-relief coastlines such 206 as the Kuril Islands, tsunami backwash can be accelerated to a greater velocity than on low-207 relief topography, thereby generating net offshore transport. The case where a tsunami 208 completely overtops low-relief islands, as in the 2004 Indian Ocean tsunami washing over 209 the low-relief Maldives, is more complex (Kench et al., 2008) . 210
For the first time, a group of tsunami geologists surveyed a coast both before and 211 after a large tsunami. Our quantitative comparison of erosional and depositional volumes is 212 this case showed that erosion clearly dominated deposition. Nevertheless, geologists 213 interpreting paleotsunamis should be reassured that deposits can be a reliable proxy for 214 tsunami runup and inundation, though the necessary paleogeographic reconstruction remains 215 challenging, especially in light of tsunami erosion. Our data and analyses are also significant 216 for geologists interested in understanding tsunami flow properties, in defining tsunami 217 erosion and deposition patterns (tsunami geomorphology), and in determining coastal 218 geologic histories in tsunami-affected regions. Geophysics, v. 160, p. 1969 Geophysics, v. 160, p. -1999 Geophysics, v. 160, p. , doi: 255 10.1007 Geophysics, v. 160, p. /s00024-003-2416 Huntington, K., Bourgeois, J., Gelfenbaum, G., Lynett, P., Jaffe, B., Yeh, H., and Weiss, R., 257 We also reason that all measured change above and most measured change below storm high tide (defined by the presence of dense vegetation and seaweed wracklines) resulted from the 2006 tsunami and not from storms. Storms affecting the coasts of Kurils in 2006 Kurils in , 2007 Kurils in , and 2008 were not abnormally large and therefore likely did not cause measurable changes above storm wracklines observed in 2006 or on the vegetated coastal plain. Wind speed records suggest no unusual storms occurred in the field area between the pre-and post-tsunami surveys (Fig. DR2) . Also, in 2007 and 2008 surveys we observed no fresh storm effects beyond the beach on coastlines where the tsunamis also did not surpass the beach.
Below storm high tide, beaches may actively change (c.f. Shepard et al., 1950) , and in our study, we did not measure winter-beach profiles, but we argue that the 2006 tsunami is also responsible for most beach-profile changes because the beaches did not recover between 2007 and 2008 (Fig. DR3 ).
Post-tsunami survey data-runup and inundation
A compilation of all field measurements of runup and inundation from the 2007 and 2008 (post-tsunami) field seasons is presented in Table DR1 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44   1  2 Volume of erosion and deposition. In cases where we could quantify the volume of erosion or deposition along a profile (reported as m 3 per unit width), we plotted those estimates relative to runup and to runup times inundation, the latter an approximation of onland tsunami volume (Fig. DR4) . We calculated the volume of tsunami erosion along a profile by measuring the area missing in 2007/2008 below profile lines measured in or reconstructed from 2006 (e.g., Figs. 3). We calculated deposit volume along a profile by taking measured thickness of fresh tsunami deposits at survey points (as in Figure 3 ) and integrating between them to generate the cross-sectional area covered by tsunami deposit along a given profile. We assigned ±10% error to the calculations. There is not a robust correlation of runup to volume of erosion and deposition for runup of less than 13 m (Fig. DR4A) ; the higher runup in Ainu Bay clearly produced greater geomorphic change. There is a better trend shown by comparing erosion and deposition volumes to runup times inundation (Fig. DR4B) , which is a better overall scale of tsunami size. In Fig.  DR4B , however, there is an even larger gap between the high numbers of Ainu Bay and the rest of the data.
Additional illustrations of tsunami effects. While the Dushnaya Central profile (Fig. 3 ) on Simushir Island was virtually unchanged across its vegetated surface (Fig. DR5) , the tsunami rearranged the beach and locally eroded the beach scarp (Fig. DR6) . In northern Dushnaya Bay, runup was higher, with common stripping of turf and soil ( Fig. DR7 ) and deposition of gravel (Fig. DR8) . In southern Dushnaya Bay, a very steep, sandy profile exhibited dramatic local erosional scours and enlarged drainage (Fig. DR9) . The effects on the shoreline along South Bay, Matua Island (Fig. DR10) , were similar to Central Dushnaya Bay, with a greater volume of beach erosion (Figure 3 ; Table 1 ). The most dramatic tsunami effects were in Ainu Bay on Matua Island, where stratigraphic analysis suggests tsunamis may have repeatedly produced coastal erosion (Fig. DR11) . In the north, young landforms from the beach to 160 m inland were removed or denuded (Fig. DR12 ) and a long scour developed at the boundary between older and younger landforms (Fig. DR13) . In the south, erosion was also severe, especially close to the shoreline (Fig. DR14 ).
Discussion
In order to examine the extent to which tsunami deposits may approximate actual runup and inundation, we compiled our own data (Table 1 ) with other reported cases and calculated the percent of actual runup and inundation represented by the deposit (Table DR2) . We also calculated the total relief (runup/inundation) over the tsunami-affected part of each profile, and the maximum relief on each profile, in order to compare Kurils cases with others where the data are available. Table DR2 shows that Kurils profiles are higher relief than the others. 45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90 Figure DR6 . A thin sand layer extended almost to the limit of runup and inundation ( Fig. 3 . The former surface was inferred from the current surface and the location of soil stripping; also, in erosion zones, remaining root rhizomes often indicated original soil elevation. The soil was cohesive and eroded mainly through block removal, preferentially along certain tephra layerscinders in particular (see inset). Tephra correlations also show that the surface is progressively younger toward the sea, indicating net progradation since about 2000 -3000 years ago (from preliminary radiocarbon dates in peat). Photos in Figure DR8 were taken near this profile. Figure 2 , with some data given in Table 1 (runup 12.4 m). Recreated tsunami inflow shown in blue, outflow in orange. Near this profile, the outgoing tsunami removed sand during outflow over the back-beach scarp, creating at least two giant scour/waterfalls about 7 m high. The left picture views one of the scours from the beach, the right picture shows the location of the two scours from the ridge behind and above the scours. In the middle of the right picture is an enlarged prior drainage valley. The outgoing (and possibly also incoming) tsunami enlarged steep stream valleys already cut through the beach ridges. Both photos: Pinegina; right photo is reversed to look similar to profile perspective. 187 188 189 190 191 192 193 194 195 196 197 198 Figure DR11: Profiles and stratigraphy from Ainu Bay, Matua (Figures 2 and 3) . The transition between older, well-developed soil (brown) and young sandy stratigraphy (green) is interpreted from excavations and post-tsunami exposures. Top. Ainu Bay north--the 2006 tsunami removed a sizable amount of the sandy proximal coastline ( Figure DR12 ). The sharp vertical contact (or paleo-scarp) juxtaposing young sandy soil and older compact soil between excavations 17 and 18 indicates that either large-volume erosional events on the scale of the 2006 tsunami have occurred in Ainu Bay in the past, or that the bay has transitioned from eroding to prograding in the recent past. The scarp (inset) is also detailed in Fig. DR 12. Bottom. Ainu Bay south profile ( Figure DR14 ) and stratigraphy are similar, though 91S is thickened by eolian sand. A distinct difference in landscape age between excavations 20 and 21 can be seen in tephra stratigraphy, and 21 is a tundra soil, while 20 is a grassy sandy soil. 
